In recent years, there has been increasing focus on injury prevention in sports, particularly American football. Research has evolved and now considers how protective equipment relates to athletic injury and how that protective equipment should be designed, appropriately fit, and properly utilized. The commonly acknowledged pieces of protective equipment include the helmet, shoulder pads, neck collars, ankle bracing or taping/spatting, knee bracing, and even mouth guards.^[@bibr2-1941738117690717],[@bibr12-1941738117690717],[@bibr21-1941738117690717],[@bibr22-1941738117690717],[@bibr26-1941738117690717],[@bibr30-1941738117690717]^ While shoe design has sought to improve athlete performance by improving shoe-turf interaction and minimizing the mass of the shoe, little attention within the current and historical literature has been given to the effect that athletic footwear has on player safety, including injury prevention, particularly in cleated athletes. If biomechanical or epidemiologic evidence exists that suggests athletic footwear should be considered a piece of protective equipment, then further questions on the design, fit, and use may be considered in the context of injury prevention. The aim of this review is to report the published literature on the relationship between an athlete's foot, shoe, and the playing surface and the shoe's role as a piece of protective equipment affecting both performance and injury risk.

Injury Risk {#section7-1941738117690717}
===========

American football is a physical sport that involves high-impact activities between powerful players. The injury rate in American football is high, with up to 28% of players sustaining some type of injury per year.^[@bibr7-1941738117690717]^ From an exposure risk perspective, the risk of injury in football is thought to be around 35.9 injuries per 1000 exposures, such as a practice or a game. This is the highest of 15 collegiate sports studied.^[@bibr15-1941738117690717]^ Injury rates for the foot or ankle in particular are thought to be about 15 per 10,000 exposures.^[@bibr19-1941738117690717]^ Furthermore, injuries not directly to the foot or ankle can still be related to the interaction between the shoe and the ground; this is most easily evidenced by the rate of noncontact injuries in all sports.^[@bibr3-1941738117690717],[@bibr8-1941738117690717],[@bibr17-1941738117690717]^ For these reasons, injury prevention is of particular interest in American football.

Shoe Plate Stiffness {#section8-1941738117690717}
====================

Bending stiffness of a shoe is an important consideration when choosing a shoe design. Hyperdorsiflexion of the midfoot and forefoot is a common cause of disability and lost playing time in sports. Rodeo et al^[@bibr28-1941738117690717]^ found that 45% of professional football players sustain a hyperdorsiflexion injury to the first metatarsophalangeal (MTP) joint (ie, "turf toe injury") at some point in their career ([Figure 1](#fig1-1941738117690717){ref-type="fig"}). In the classic study by Bojsen-Møller,^[@bibr4-1941738117690717]^ it was noted that there are 2 potential flexion axes at the level of the MTP joint. The first of these is a transverse axis through the first and second metatarsal heads, and the second is an oblique axis extending from the second to the fifth metatarsal head. Bojsen-Møller^[@bibr4-1941738117690717]^ referred to these as the "high gear" and "low gear" axes, respectively ([Figure 2](#fig2-1941738117690717){ref-type="fig"}). The high gear axis is the functional axis of rotation during high-intensity athletic movements and is of particular interest because it is also the axis that is associated with a hyperdorsiflexion mechanism of turf toe injury to the first MTP joint.^[@bibr6-1941738117690717]^ This concept is supported by Frimenko et al^[@bibr10-1941738117690717]^ in their observation that the risk of turf toe injury increases as the amount of first MTP joint dorsiflexion increases. Considering this, injury risk may potentially be decreased by increasing the stiffness of the shoe plate. The concern, however, is that this increase in stiffness may occur at the expense of decreasing the ability of the athlete to achieve the high levels of dorsiflexion necessary for football play. Therefore, assessment of the functional range of motion of the first MTP joint required for performance in these athletes must be clearly defined and understood to differentiate between the required functional spectrum necessary for play and pathologic excess of motion at the first MTP joint that leads to injury.

![Mechanism of injury to the first metatarsophalangeal (MTP) joint is a hyperdorsiflexion injury.](10.1177_1941738117690717-fig1){#fig1-1941738117690717}

![Performance axis of rotation about the metatarsophalangeal joints, as described by Bojsen-Møller.^[@bibr4-1941738117690717]^](10.1177_1941738117690717-fig2){#fig2-1941738117690717}

Historically, the fundamental idea of shoe plate design has been that shoes should be flexible and compliant with the various demands of athletes in their particular sport.^[@bibr9-1941738117690717]^ The concept of how bending stiffness affects the performance range of motion has been the topic of study in multiple publications.^[@bibr1-1941738117690717],[@bibr9-1941738117690717],[@bibr24-1941738117690717],[@bibr29-1941738117690717],[@bibr31-1941738117690717]^ In their study on forefoot requirements in football-related play, Riley et al^[@bibr27-1941738117690717]^ demonstrated that the maximum dorsiflexion angle about the first metatarsophalangeal joint during football-specific activities remained less than 60° in 9 elite-level athletes performing a variety of movements.^[@bibr27-1941738117690717]^ In this study, running required the greatest amount of dorsiflexion motion.^[@bibr27-1941738117690717]^ The effect that shoe plate stiffness has on performance is not well understood; at least 1 study has shown that performance may in fact increase with increasing stiffness of the shoe.^[@bibr32-1941738117690717]^ In this study, Stefanyshyn and Nigg^[@bibr32-1941738117690717]^ found that increasing the stiffness of the MTP joint reduced the amount of lost energy and resulted in an improvement in performance. A recent study by Takahashi et al^[@bibr33-1941738117690717]^ countered that finding, however, demonstrating that whole-body metabolic cost is increased with increased foot stiffness, likely due to a decrease in the mechanical advantage of the plantar flexors. The latter of these studies highlights an important point: Loads passing through the foot and ankle onto the rest of the lower extremity are affected by the traversing tendons and proximal muscles, whose moment arms are changed by stiffening the foot and thus decreasing the normal motion of the joints of the foot. As such, this effect is not fully understood in the context of performance or injury spectrums.

Quantifying bending stiffness of currently utilized cleats is an important exercise for a few reasons. First and foremost, it allows an assessment of current shoes worn by American football athletes and provides players, coaches, and medical staff an objective measure by which to gauge shoe selection other than by subjective feel, particularly in consideration of treatment of recent or remote midfoot/forefoot injury. Furthermore, it provides a baseline definition of shoewear characteristics to allow further exposure analysis of injuries specifically thought to be related to pathologic movements/moments of the foot (eg, Lisfranc, turf toe). To this end, Crandall et al^[@bibr6-1941738117690717]^ developed a methodology for testing the bending stiffness of cleated American football shoes that was expanded on by Lessley et al^[@bibr18-1941738117690717]^ in a landmark study on the bending stiffness of available American football cleats. The concept, based on work by Parham et al^[@bibr25-1941738117690717]^ in 1992, notes that the high gear axis is located at approximately 70% of the way along the inside length of the shoe, which can then be used as a landmark for flexion testing. They then performed flexion tests to determine stiffness of 30 different US size 12 American football cleats ([Figure 3](#fig3-1941738117690717){ref-type="fig"}). They found that the stiffness of the shoes showed great variability, ranging from 0.3 to 0.8 N·m/deg, and peak torque values ranged from 11.8 to 25.5 N·m. The peak torque in these tests varied by a factor of 2.2, and the range of stiffness varied by a factor of 3.0. This study is clinically useful because it provides a scale by which to compare relative shoe stiffness.

![Experimental test setup schematic as described by Lessley et al^[@bibr18-1941738117690717]^ (left; reprinted with permission from Lessley et al^[@bibr18-1941738117690717]^) and actual setup (below right), which estimates the 1-2 metatarsophalangeal joint axis located at approximately 70% of the inside length (above right).](10.1177_1941738117690717-fig3){#fig3-1941738117690717}

In guiding future research on this topic, current data support that the shoe plate may have a variable stiffness, with a stiffness designed for performance up to a dorsiflexion angle just shy of injury level flexion angles and increased stiffness above performance levels to reduce injury risk. However, more research is needed to define optimal shoe stiffness and its ultimate effect on foot biomechanics as it relates to injury risk and performance.

Cleat Design {#section9-1941738117690717}
============

Understanding the relationship between cleat design and applied loads by an athlete is a challenging topic. Shoe size, cleat size, cleat material, and number and distribution of cleats are all highly variable within and among various shoe manufacturers. Cleat placement can have an impact on bending stiffness of the plate as well as comfort and the distribution of contact pressures.

Cleat design can affect the way in which forces are transferred from the shoe onto the turf. There are 2 main types of forces acting on the foot as it interacts with the ground: ground reaction force and rotational torque. Brock et al^[@bibr5-1941738117690717]^ studied the effect that cleat design had on vertical ground reaction force while performing a 180° cut and 90° land and cut activities. They found no difference in peak vertical ground reaction force between a nonstudded running shoe, a natural turf stud, and a synthetic turf stud.^[@bibr5-1941738117690717]^ These results support the previous findings of Griffin et al,^[@bibr13-1941738117690717]^ which ultimately led to the conclusion that peak ground reaction force may not be responsible for differential injury rates between cleats. Instead, they propose the manner in which the cleat interacts with different playing surfaces (translational force and torque) may be at least partially responsible and an area of future research.^[@bibr13-1941738117690717]^

Galbusera et al^[@bibr11-1941738117690717]^ examined cleat design and the impact on internal and external rotational peak torque. They compared metal studs with molded rubber studs and bladed cleats on both natural and artificial turfs and found similar peak torques between designs but a less stiff behavior on natural surface compared with artificial surface, that is, a lower torque for a given angular rotation.^[@bibr11-1941738117690717]^

Wannop et al^[@bibr34-1941738117690717]^ researched design in a slightly different manner by comparing varying sole designs (tread vs smooth) in a traction testing machine and on recreational athletes. They found that translational traction and rotational moments were greater in the treaded group compared with smooth shoes. They also found that peak ankle external rotational moments, knee external rotation moments, knee adduction moments, and knee adduction angular impulse were greater in the treaded group compared with the smooth shoe.^[@bibr34-1941738117690717]^ This study demonstrates that cleat design can be protective in that it can decrease forces acting on the body.

When an athlete accelerates or cuts with a cleat on a playing surface (applies a force or moment), there are 3 possible interactions: (1) the cleat can slide on the surface, (2) the cleat can tear a portion of the surface way (create a divot), or (3) the cleat can hold with minimal movement between the cleat and the surface. Kent et al^[@bibr16-1941738117690717]^ reviewed these possibilities by looking at the mechanical interaction of 19 American football cleats with both a natural grass surface as well as an infill-type artificial surface under loading conditions designed to simulate and capture peak forces and torques observed in elite athletes ([Figure 4](#fig4-1941738117690717){ref-type="fig"}). They found that all of the cleat designs failed by shear of the natural surface either by sliding across the surface in less aggressive cleat patterns or by generating a divot in the surface after the test. In contrast, when tested on an artificial playing surface, only 1 cleat design "released" from the surface by way of sliding; the rest endured forces and torques to the limit of the testing device. Considering these results, an important observation was made in this study independent of the playing surface variation. When a cleat "releases" either by sliding or by creating a divot, the force-limiting factor is the interface between the cleat and the surface. In the situation where the cleat fails to release, the force-limiting factor is the force applied by the athlete, which in the extreme will result in injury. In other words, in an ideal world where a certain level of force is known to cause injury, a cleat-turf interface may be designed to "release" at such a point that the foot never experiences the injury load level. If an aggressive cleat is worn on artificial turf, the potential exists for the foot to experience extremely high forces and potentially cause injury. This may be responsible for the increased rate of foot, ankle, and knee injuries seen on infill artificial surfaces compared with natural grass.^[@bibr14-1941738117690717]^

![Experimental test setup as described by Kent et al^[@bibr16-1941738117690717]^: (a) schematic and (b) actual setup demonstrating a rotational test between the cleat and field surface.](10.1177_1941738117690717-fig4){#fig4-1941738117690717}

Shoe Sizing {#section10-1941738117690717}
===========

In selecting an athletic shoe and associated cleat pattern to wear, it is important that the correct size of shoe and shoe plate are selected. Currently, there are devices to help determine shoe size such as the Brannock Device (The Brannock Device Company), but there are many variables in addition to sizing, including compliance of fabric, shoe shape, and so on, as well as no industry-mandated consistency of sizing within or among various manufacturers.

A survey was performed of commercially available US size 12 American football cleated shoes produced in 2016 ([Figure 5](#fig5-1941738117690717){ref-type="fig"}). The total inside length of the shoe (from the heel to the toe) was measured using the plus12med measurement device (<http://www.plus12med.com>). The inside width of the shoe was measured across the forefoot using a telescoping rod that extended until it engaged the medial and lateral inside surfaces of the shoe, at a location 70% of the total inside shoe length. The inside shoe length measurement varied from 287 mm to a maximum of 302 mm ([Figure 6](#fig6-1941738117690717){ref-type="fig"}). Taken in context of reported industry standard differences between shoe sizes (ie, size 11 to size 12), this variability meant some reported size 12 shoes were instead a size 11 or 13 in true measured length. In a similar variable way, measurement of the inner width at 70% along the length axis of the shoe of these same "size 12" shoes ranged from 94 mm to over 106 mm. These findings are important for several reasons. First, if future shoe design is to be intentional with regard to appropriate fit and injury prevention, a standardized relationship between shoe length and associated shoe size is necessary. Second, little is known about the relationship between foot width, shoe width, and injury, but there may be some relationship between foot width and ankle injury.^[@bibr23-1941738117690717]^ In addition, high-risk injuries such as a fifth metatarsal stress fracture could be affected by shoe fit and design.^[@bibr20-1941738117690717]^ For example, if a shoe is too narrow and the fifth metatarsal overhangs, it could be exposed to increased forces. To reliably study this relationship, however, a standardized measurement technique for measuring player foot width to match specific shoe width would help standardize research protocols for the study of shoe width biomechanical effects and has the potential to improve shoe fit. This is a potential area of future injury prevention research. Finally, player safety must be a priority. The lack of standardization within and between manufacturers makes safety recommendations difficult to develop because there are too many confounding factors to consider when comparing the current shoe designs available.

![(a) Inside length measurements used to calculate the 70% of inside length position for (b) width measures taken along the estimated 1-2 metatarsophalangeal joint axis.](10.1177_1941738117690717-fig5){#fig5-1941738117690717}

![Range of length measurements in rank order of length.](10.1177_1941738117690717-fig6){#fig6-1941738117690717}

Conclusion {#section11-1941738117690717}
==========

Evidence supports that the athletic shoe has an impact on the athlete beyond that of comfort and appearance. Athletic footwear should be considered an integral piece of athletic equipment rather than simply an extension of the uniform apparel. Evidence is limited, and more research is needed to define optimal shoe sizing, the effect that design has on mechanical load, and how cleat properties including pattern and structure interact with the variety of playing surfaces.
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